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Desorption electrospray ionization mass spectrometry (DESI-MS) has been used for monitoring
solid-state organic reaction in ambient air, specifically the Baeyer-Villiger (BV) type reaction
involving the oxidation of ketones (benzophenone or deoxybenzoin) by m-chloroperbenzoic acid
(m-CPBA) in solid-state. The DESI mass spectra obtained at regular intervals during the BV
reaction processes are featured, with the amount of ester products increasing as those of ketone
reactants decrease. Quantitative analyses of relative intensities of the product, made to
quantify the reaction degree of typical solid-state organic reaction (SSOR), show a precision
with RSDs of around 5% to 12%, though the RSDs for direct analysis of intensities of the
reactant or the product in the solid-state are obviously larger. The kinetics of the Baeyer-
Villiger type reactions in solid-state are shown to be dramatically different, in reaction rate,
kinetic curve, as well as concentration dependence, from those of the same reactions taking
place in solution. (J Am Soc Mass Spectrom 2009, 20, 2087–2092) © 2009 American Society for
Mass SpectrometryThe recent breakthrough discovery of desorptionelectrospray ionization (DESI) [1] allows directand rapid mass spectrometry (MS) analysis of
various compounds in solid surfaces, free from redun-
dant sampling preparation [2–8]. It has been adopted
for mapping analytes separated by thin-layer chroma-
tography [9], profiling (linear and 2D imaging) biolog-
ical tissue analysis semiquantitatively in situ [10], im-
aging latent fingerprints chemically [11], determining
SVOC in aerosols rapidly [12], and analyzing liquid
samples directly [13]. Shortly after the discovery of
DESI, a number of ambient ionization MS methods were
reported for direct analysis of solid samples, including
direct analysis in real time (DART) [14], desorption atmo-
spheric pressure chemical ionization (DAPCI) [15],
matrix-assisted laser desorption electrospray ionization
(MALDESI) [16], desorption atmospheric pressure
photoionization (DAPPI) [17], electrospray-assisted
laser desorption/ionization (ELDI) [18], and atmospheric-
pressure solids analysis probe (ASAP) [19]. All of these
MS techniques, as well as DESI-MS, are potentially
applicable for direct following solid-state organic reac-
tions (SSORs) [20, 21]. To our knowledge, however,
effort focusing on MS monitoring of SSOR has never
been discussed heretofore. Here we reported the first
application using DESI-MS for direct characterization of
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doi:10.1016/j.jasms.2009.07.010kinetics of two representative SSORs, i.e., the Baeyer-
Villiger (BV) [22, 23] type reactions of m-chloroperbenzoic
acid (m-CPBA) with benzophenone (PhCOPh, 1) or de-
oxybenzoin (PhCOCH2Ph, 2). Unexpected kinetics of
the BV reactions in solid-state, including reaction rate,
kinetic curve, and concentration dependence, have been
revealed to be different from those of the same reactions
in solution.
Experimental
Materials and Chemicals
Benzophenone (98%) and chloroform (99%) were pur-
chased from Sinopharm Chemical Reagent Co. (Shang-
hai, China). Deoxybenzoin (97%) was obtained from
Alfa Aesar, a Johnson Matthey Co. (Ward Hill, MA,
USA). m-CPBA (85%) was purchased from Refine
Chemicals Science and Technology Developing Co.
(Tianjin China). HPLC-grade methanol was obtained
from TEDIA Co. (Fairfield, OH, USA).
Monitoring the BV Reaction by DESI-MS
The experiments were conducted at the temperature
around 22 °C. About 0.2 g of ketone (1 or 2) was mixed
together with 2 mol equiv of m-CPBA to afford the
reactant mixture. For the concentration-dependent ex-
periments, the reactants “concentration” (60 and 80
wt%) of 2 and m-CPBA were changed depending on the
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luent) added into the reactants mixture (2 and m-
CPBA). The mixture of reactants was ground in an
agate mortar for 10 min, followed by being pressed in
pellets using a Qwik Handi-Press (Thermo Electron
Corp., Waltham, Greater London, UK) for kinetic stud-
ies using DESI-MS. The pellets of reactants were kept in
air at room-temperature (around 22 °C) unless analyzed
by the DESI-MS in regular intervals of time (intervals of
2 h for 1 and 4 h for 2). The DESI-MS analyses, recorded
in the positive ion mode by a Bruker Esquire HCT ion
trap mass spectrometer (Billerica, MA, USA) coupled
with a home-made DESI device, were run just a short
time (less than 5 s) every 2 h for oxidation of 1 (or every
4 h for 2). In the experiment, sample surfaces previously
exposed to the DESI analyses were not used as the spots
for the next DESI determination.
Parameters of the DESI source were optimized to
enhance the signal intensity.Methanolwasused as the spray
solvent at a flow rate of 0.16 mL/h. The angle between the
DESI spray needle and the sample surface was 86°; the
tip of the spray needle was 5 mm from the surface of
the sample; the end of the MS-inlet capillary was about
6 cm from the sample, the pressure of nebulizing
nitrogen gas was 60 psi, the capillary voltage was 1 kV,
the flow rate of desolvation gas was 1 L/min, and the
temperature of desolvation gas was 200 °C around the
entry of MS-inlet capillary.
The experiments of the BV reaction in solution were
carried out starting from ketones [1 g of 1, 1 g of 2 (for
0.02 g/mL), or 0.5 g of 2 (for 0.01 g/mL)] and 2 mol
equiv of m-CPBA in 50 ml of CHCl3. The solution was
analyzed by electrospray ionization (ESI)-MS during
the reaction.
Results and Discussion
Baeyer-Villiger Reactions Detected by DESI-MS
Chemists carry out organic synthesis in solution tradi-
tionally, but a number of organic reactions have been
reported to take place well in solventless solid-state [24,
25]. Commercial applications based on SSOR have been
stimulated because of their remarkable advantages, e.g.,
reduced pollution, low cost, and simplicity in handling
[26]. One typical example of SSOR is the BV type
reaction involving oxidation of ketones (e.g., PhCOR, R
CH2Ph, Ph, p-tolyl) by m-chloroperbenzoic acid (m-
CPBA) [17, 18]. Challenges are to explore the kinetic
properties of these SSORs, which are different from those
of their counterpart reactions in solution and to provide
illumination for investigation of other kinetic reactions on
solid surfaces such as heterogeneous catalysis and electrode
reactions. Partly due to the difficulties in monitoring the
solid reactants and products in real time, however, de-
tailed kinetic information of the BV reaction in the solid-
state, as well as most of the other SSORs, is unclear yet.
X-ray diffraction [27], nuclear magnetic resonance
[28], and photometric methods [29, 30] were reportedfor following the kinetic processes of some SSORs, but
these methods work only if the products exhibit char-
acteristic signals quite different from those of the reac-
tants. Moreover, quantifiable detection in situ is pre-
vented by the laborious sampling processes for these
traditional analyses. Therefore, only a little kinetics
information of SSORs was obtained from the traditional
measurements. However, sampling-free mass spect-
rometry, such as DESI-MS, can be a versatile tool for
following ambient SSORs because of its capability for
clear characterizations and quantification of molecular
composition at surfaces in ambient air.
Figure 1a shows a series of representative DESI-MS
spectra of the BV SSOR for 1 acquired at different reaction
stages in real time. Characteristic ions of the ketone
reactant 1 and the ester product PhCO2Ph 3 are detected
in the forms of their sodium or hydrogen adducts in the
positive ion mode. Shown in Figure 1b is a graph depict-
ing the relative intensities of 1 or 3 as a function of reaction
time, from which the kinetic feature is clearly shown with
the amounts of product 3 increasing as those of reactants
1 decrease during the BV reactions. Similar kinetic process
of the BV reaction from reactant 2 to product
PhCO2CH2Ph 4 in the solid-state is also recorded
(Supplementary data-1, which can be found in the
electronic version of this article).
Figure 1. (a) MS spectra acquired during the BV SSORs involv-
ing m-chloroperbenzoic acid with benzophenone. The intensities
of the mass peaks are normalized to the same sum of ketone
reactant and ester product. The aftermost MS spectra plotted in
black dash lines are those of no-DESI-monitoring samples. RT:
Reaction Time. (b) The relative intensities of 1 (blue rectangles) or
3 (red rectangles) as a function of reaction time.
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to be influenced by the repeated DESI-monitoring be-
cause: (1) the DESI might spray methanol solution on
the surface of the reactant pellet to allow a conventional
solution phase (thin film) reaction to proceed; (2) the
desolvation gas (200 °C) of the DESI might impose addi-
tional heat onto the pellet surface so as to accelerate the
SSORs. In those cases, the BV reactions in the interior of
the pellets should be different from the reactions on the
surface exposed to the DESI. However, the equivalent
spectra acquired from both surface and interior of the
pellets of BV reaction have shown the identical results,
and the kinetics of BV SSORs seems to be free from the
influence of short-time DESI-MS monitoring (Supple-
mentary data-2). This conclusion is corroborated by the
similar MS spectra of regular DESI-monitoring sample
and no-DESI-monitoring sample as shown in Figure 1
and Supplementary data-1. The DESI tolerance of the
SSORs is possibly attributable to the fact that the time
for DESI-monitoring (a few seconds) is too fast to
influence the long-standing BV reactions (10 h).
RSDs of DESI-MS Quantitative Analysis for
Baeyer-Villiger Reactants/Products
To quantify the degree of the BV reaction, the amounts of
BV reactants/products changing in different reaction pe-
riods are analyzed by DESI-MS directly. Possibly owing to
a variable amount of analyte into themass spectrometer in
the DESI-MS process, however, the RSDs are large for
direct quantitative analysis of ketone reactants or ester
products based on the DESI-MS intensity signals. As listed
in Table 1, the RSDs could be more than 40% as calculated
by averaging with all the DESI-MS data acquired during
the BV oxidation reaction in solid-state. The DESI-MS
analysis of each sample was repeated for at least three
times (Supplementary data-3).
To detour the large RSDs for direct monitoring of BV
SSOR reactants/products, the concept of “internal stan-
dard” [31] are utilized. Due to the similarity of ioniza-
tion efficiencies of ketone reactants and ester products,
as shown in their mass spectra (Figure 1), the relative
intensity of the ester product in the mixture of solid
sample (ester product plus ketone reactant) can be
quantified having higher precision and reproducibility
with RSDs less than 12% (Table 1). Taking the SSOR of
1 as an example (Supplementary data-3); the average
RSD is as low as 7.1% for determining the relative
intensity of the product, made to quantify the reaction
degree of the typical solid-state organic reaction.
Oxidation of Ketones (Deoxybenzoin and
Benzophenone) During the DESI Process
Shown in Figure 2a is the classic electrospray mass
spectrum (ESI-MS) of 2 in methanol solution, in which
no oxidized species of 2 is detected. By contrast, how-
ever, the characteristic mass-to-charge signal of 4 (m/z235, assigned to sodium adduct of oxidized product
from 2) appears in the DESI-MS of a newly-made solid
pellet of pure 2 (Figure 2b). That is, even in the absence
of oxidant m-CPBA, ketone reactant 2 can be oxidized
to form ester product 4 in the DESI-MS experiment.
There are two possible reasons for this evidence: (1) 2 is
oxidized in air during its pellet-sampling process; (2)
oxidation of 2 is taking place simply in the DESI
process. The former possibility of oxidation occurrence
in the sampling process, however, can be ruled out by
the following experiments: the above-mentioned newly-
made sample of the solid pellet of 2, which had under-
gone the DESI detection process and shown a clear MS
peak of m/z 235, was dissolved in methanol and ana-
lyzed by electrospray ionization-MS (ESI-MS). The m/z
235 disappears completely in the acquired electrospray
ionization mass spectrum (Figure 2c), which looks the
same as Figure 2a recorded for no-DESI-monitoring
sample of 2 in solution. It is thus established that the
oxidation is a result of solely the DESI process. This
conclusion has been confirmed by the DESI-MS exper-
iment with a pellet of just the reactant 2 and moni-
toring the oxidation product 4 as a function of time.
The abundance of both the product and reactant are
equivalent over a long period of time (Supplementary
data-4).
As for benzophenone (1), the oxidation during the
DESI operation was also observed, but its degree of
oxidation was much less than that of 2 (Supplementary
Table 1. RSDs of the DESI-MS analyses for the BV
oxidation reactions
The composition of the
starting reactants for
BV reaction
RSDsa
Reactantb
(%)
Productsc
(%)
Relative
intensities of
products (%)
35 wt% of 1, 65 wt% of
m-CPBA
41.8 45.4 7.1
36 wt% of 2, 64 wt% of
m-CPBA
54.4 58.6 11.9
29 wt% of 2, 51 wt%
m-CPBA, 20 wt% of
diluentd
47.3 45.9 9.6
22 wt% of 2, 38 wt%
m-CPBA, 40% of
diluent
43.9 47.4 5.4
aThe RSDs (relative standard deviations) are the average value of the
RSDs calculated at different concentration levels of reactants (1 or 3)
and products (2 or 4) during the BV reactions. Taking the BV reaction
involving 1 with m-CPBA as an example, a total of 18 sets of MS
intensity data were recorded in every 2 h during the 33 h of the BV
reaction. For each set of data, the mass spectra were repeatedly
detected for three times within a minute, and the RSDs can be
calculated for reactant 1, product 3, and relative intensity [3/(13)].
Consequently, 18 RSDs are acquired. The RSDs listed for the reaction
involving 1 with m-CPBA in the table are the average values of the 18
RSDs. The details of the intensities and RSDs for the model BV reaction
have been listed in Table S1 in Supplementary data-3.
b1 (m/z 205) or 2 (m/z 219).
c3 (m/z 221) or 4 (m/z 235).
dAmylum powder is used as diluent loaded into the reactant mixture (2
and m-CPBA) for adjusting the “concentration.”data-5).
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the recently reported oxidation of tamoxifen resulting
from DESI process [32], may take place in the DESI
ambient conditions during analyte desorption from the
solid surface of the pellet containing ketone. This DESI-
oxidation could lead to an additional signal of the
DESI-producing esters (3, 4) recorded in the mass
spectrum overlapping on those of authentic SSOR-
producing esters (3, 4). In principle, the additional
signal of the DESI-producing esters could be mathemat-
ically subtracted for better quantification through, for
example, 18O-isotope labeled experiment. At this stage,
however, it is impossible for us to conduct such an
experiment because of the shortage of 18O reagent
m-ClC6H4CO2
18OH. Note that the following profile of
the SSOR kinetic curves are approximately plotted
without modification.
Figure 2. (a) The ESI-MS of 2 in methanol soluti
of 2. The star-marked signal of m/z 235 can be as
after the DESI-monitoring.
Figure 3. Kinetic curves plotted by the relative
(a) 35 wt% of 1 and 65 wt% of m-CPBA in the so
in the chloroform solution.The Kinetics of Baeyer-Villiger Solid-State
Organic Reactions
The kinetic curves plotted by relative yield of the
product 3 versus reaction time during the BV SSOR of 1
are shown in Figure 3a. The relative yield of 3 is defined
as the molar percent of 3 divided by the sum molar
percent of the reactant and product (1 and 3), in which
the molar percent can be indirectly calculated according
to the linear correlation curves between MS intensities
(peak highs) and molar percents of analytes in the solid
pellet (Supplementary data-6). The kinetic curve is not
zero-passing, in agreement with the original oxidation of
the reactant ketone to form additional DESI-producing
ester product in “pure” DESI process as mentioned
above. The curve displays unusual kinetics feature with
variable reaction rates at three stages: (1) the velocity of
) The DESI-MS of a newly-prepared solid pellet
d to oxidized product of 2. (c) The ESI-MS of 2
of product 3 as the function of BV reaction time;
ate; (b) 0.020 g/mL 1, and 0.037 g/mL m-CPBAon. (b
signeyield
lid-st
2091J Am Soc Mass Spectrom 2009, 20, 2087–2092 DESI FOR THE KINETICS OF SOLID-STATE REACTIONthe oxidation is slow in the first several hours; (2) then the
oxidation becomes quicker after the 10th hour; (3) the
reaction slows down at the final stage. Mathematically,
this kinetic curve of the BV reaction in solid-state can be fit
well with Boltzmann distribution: y  0.87,984-0.84,263/
{1exp[(x-14.345)/5.6018]} (Figure 3a). Similar kinetics is
observed for the BV SSOR starting from 2 (Supplementary
data-7).
To understand the kinetic implications of the Boltz-
mann equation, a control experiment with the BV reaction
in solution was conducted for comparison. In agreement
with previous literature [17], our experimental data also
suggest the dramatically faster BV reaction rate in
solid-state than in solution. For example, oxidations of
the ketone (1 or 2) in the solid-state produce 3 in ca. 45%
or 4 in ca. 85% yields after reaction for 20 h, in contrast
with the same process in chloroform solution giving
products less than 10% yields. Moreover, the kinetic
curves of the SSOR are different from otherwise the
same reactions in chloroform solution (Figure 3 and
Supplementary data-7).
The unexpected kinetic differences between the solid-
state reaction and solution reaction portend that any
slower operations about the reactants diffusion may
influence the kinetic process significantly. In solution,
the reactants are surrounded with solvent molecules. To
some extent, these surrounding solvents prevent the
reactants from effective collision. It is reasonable to
assume the reaction being kinetically dependent on the
driving force of diffusion for valid collision, which, in
principle, corresponds to the concentrations of reactants and
thus results in the linear kinetic curves of concentration-
dependent in solution (Figure 3b and Figure S10b in
Supplementary data-7). By contrast, the unusual kinet-
ics of BV SSORs may be governed by a solvent-free
melting process, which is driven by co-melting of
ketone reactant (1 or 2) and m-CPBA as well as ester
product (3 or 4) [33] (Supplementary data-8). In princi-
ple, the co-melting process seems to be density-insensitive,
which may lead to the kinetics insensitivity even up to
the 40 wt% loading of amylum diluents (Figure S10a in
Supplementary data-7). This kind of melting process,
naturally immature at the first few hours of reaction,
renders the first stage of the kinetic reaction with slow
velocity. With the co-melting moving on, the contacting
possibility of reactant molecules increases, resulting in
reactant collision easier and reaction rate faster. At the
final stage of the BV SSOR, the reaction slows down
because of the reduced amount of reactants, similar to the
kinetic process of elementary reaction in collision theory
[34]. Seemingly, the BV oxidation reactants in solid-state
were observed undergoing three-stage Boltzmann-like
processes.
Conclusion
In conclusion, the DESI-MS has been proven to be a
useful tool for monitoring organic reaction of solid-state
in ambient air. As an example, the kinetics of Baeyer-Villiger type oxidations involving benzophenone or
deoxybenzoin with m-chloroperbenzoic acid in solid-
state have been quantified by DESI-MS with RSDs of
around 12%. It is also established that the ketone
reactants can be oxidized to form ester products by the
DESI process even in the absence of oxidant m-CPBA.
The recorded DESI-MS data improve our understand-
ing about the kinetics of organic reaction in solid-state,
e.g., the kinetic curve, reaction rate, and concentration
dependency. Similar applications may be expected us-
ing the other MS technologies recently reported to have
the potential for direct analysis of solid in ambient
atmosphere. The present work marks the beginning of
investigation using mass spectrometry for kinetic reac-
tions in solid-state, which may provide illumination for
future studies on some important kinetic reactions
involved in solid surfaces, such as heterogeneous catal-
ysis and electrode reactions.
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